Summary. The 
Introduction
Mammalian oocytes enter meiosis in early prenatal life and progress to the diplotene stage where they become arrested. The oocytes remain in the germinal vesicle state until they either become reactivated just before ovulation or else undergo degeneration during atresia. The meiotic spindle in reactivated or maturing oocytes consists of two separate groups of components, the chromo¬ somes (and kinetochores) on the one hand and a transient spindle-like structure on the other. It is with this latter set of labile structures and the effects of environmental changes on spindle stability that this paper will be concerned.
It has long been known that the mitotic cycle in somatic cells is prolonged by a reduction in temperature and shortened by an appropriate increase in temperature (Mazia, 1961) . One of the most important reasons for these cell-cycle changes can be traced to the temperature sensitivity of the mitotic spindle (see review, Inoue, 1981) . That a similar relationship exists in the egg is clear from numerous papers on the embryos of sea urchins, amphibia and other animals (Raff, 1979; Inoue, 1981) . The experiments of Rustad (cited by Mazia, 1961) in sea-urchin eggs showed that low temperatures affected not only the rate of chromosome movement but also the physical structureof the mitotic spindle. The reasons for this structure-temperature relationship are now understood and involve microtubules, the main structural elements of spindle fibres (Inoue, 1981) . It is clear that low temperatures act by disassembling microtubules and that this disassembly is the result of the depolymerization of the major structure protein of microtubules, tubulin (see Petzelt, 1979 Hartree, Mills, Welch & Thomas, 1968) and slaughtered 24 h later (Staigmiller & Moor, 1984) . Cumulus-enclosed oocytes were removed from antral follicles (2-0-5-0 mm diameter) and matured in vitro using the same culture media and procedures but less gonado¬ trophin than that used by Staigmiller & Moor (1984) . In outline the technique involves the dissection of cumulus-enclosed oocytes (oocyte complexes) and their culture in Medium M199 supplemented with 10% heat-inactivated fetal calf serum, gonadotrophin (5 g NIH-LH S18/ml; 5µg NIH-FSH-S8/ml; 20 ng NIH-prolactin-S8/ml) and oestradiol-17ß (1 µg/ml Fig. 4) Karp & Smith (1975) reported that 46-4% of oocytes cooled to 23°C had abnormal numbers of chromosomes; the rate of induced aneuploidy was estimated to be 19% and 5% of oocytes were apparently diploid as a result of failure to extrude the first polar body. Baumgartner & Chrisman (1981) collected ovulated eggs from mice subjected to an environmental temperature of 35°C. Meiosis was disrupted in more than 25% of these oocytes; 12% were at metaphase I and 13% exhibited fragmented or arrested germinal vesicles.
The disturbance of oocyte meiosis by low temperatures is most likely to be a consequence of the disruption of the meiotic spindle. The spindle is an extremely labile structure composed of a highly organized array of microtubules which are assembled by the polymerization of a pre¬ existing pool of the principal constituent protein, tubulin (see Inoue, 1981 , for a review on spindle structure and properties). A dynamic equilibrium exists between polymerized microtubules and tubulin subunits, the balance of which is shifted towards disassembly by low temperature. Obser¬ vations of mitotically-dividing living cells under the light microscope have revealed that chilling results in the disassembly of the spindle fibres within minutes, followed by the equally rapid reassembly of the spindle after a return to normal temperature (Inoue, 1981) .
The production of a spindle capable of bringing about such an ordered process as chromosome segregation clearly requires that microtubule assembly takes place only at specialized foci within the cell, collectively known as microtubule-organizing centres. The principal centres in the oocyte are at the poles of the spindle. Microtubules are also attached to the kinetochores of the chromo¬ somes and although they are probably not assembled from here, kinetochore-associated tubules may be more stable and cold-resistant than unattached tubules (Mclntosh, 1984) .
Although reassembly of microtubules is rapid once the normal temperature is restored, there are a number of possible ways in which errors can occur, resulting in the formation of abnormal spindles similar to those described in this report. Firstly, chromosomes may rotate during cooling and after reattachment at the kinetochore may face towards the wrong pole of the spindle (Henderson, Nicklas & Koch, 1970 ). This will result in migration of the chromosome in the wrong direction, and hence aneuplody. Alternatively, fragmentation of the polar microtubule-organizing centres may occur as a result of cooling. This leads to the formation of a multipolar spindle, as observed in our experiments.
Although it is more difficult to explain the cytoplasmic abnormalities observed in cooled oocytes in this study, it is possible that these too may be related to microtubule disassembly. Maturation involves the relocation of cellular organdies, for example, the migration of cortical granules to the periphery, the aggregation of mitochondria and a general accumulation of mitochondria, vesicles and lipid droplets in the middle of the oocyte as maturation proceeds (Kruip, Cran, van Beneden & Dieleman, 1983; Cran, 1985) . Disruption of the cytoskeleton as a result of tubulin depolymerization would be expected to interfere with these intracellular move-ments. Clearly, a more detailed study of organdie distribution in cooled oocytes is necessary before any conclusions can be reached.
As described above, the selection of cooling times was designed to correspond to different stages in meiosis. The temperature sensitivity of the rate of the various phases of meiosis is well documented (see Mazia, 1961) (Moor & Smith, 1979; Moor et al., 1981; Crosby, Osborn & Moor, 1984) . Therefore, the susceptibility of the oocyte to temperature change at this time may not be entirely, or indeed primarily, due to nuclear events.
The ability of exposure to room temperature to reduce drastically the developmental com¬ petence of oocytes is relevant in the handling of human oocytes recovered from women during in-vitro fertilization therapy. Such oocytes are typically at the later stages of the first meiotic division and, therefore, might be expected to be particularly susceptible to cold shock. Although efforts are made to maintain the oocytes at 37°C, the necessity to search for them under the micro¬ scope before they are put into culture must inevitably lead to a drop in temperature. Our own observations show that the temperature of medium in a small culture dish drops by about l°C/min when the dish is placed on an unheated surface. Given the present protocol used for obtaining oocytes for in-vitro fertilization it is difficult to see how this problem can be entirely overcome. However, every effort should be made to keep the oocytes at 37°C throughout recovery.
